The transcription factor MYC, which is dysregulated in the majority of gliomas, is difficult to target directly. Deubiquitinase ubiquitin-specific protease 28 (USP28) stabilizes oncogenic factors, including MYC. However, the contribution of USP28 in tumorigenesis, particularly in glioma, is unknown. Here, we determined the expression of USP28 and assessed its clinical significance in human glioma. We found that USP28 is overexpressed in human glioma but not in normal brain tissue. The level of USP28 protein expression in human glioma tissues was directly correlated with glioma grade. Meanwhile, the level of USP28 protein expression in human glioblastoma tissues was inversely correlated with patient survival. Enforced USP28 expression promotes SW1783 glioma cell proliferation. Moreover, gliomas that arose from USP28-transfected SW1783 cells displayed tumorigenicity in nude mouse model systems. Inhibition of USP28 expression in glioblastoma U373 cells suppressed anchorage-independent growth in vitro and tumorigenicity in vivo. Furthermore, USP28 regulates the expression of MYC protein, which is essential in USP28-induced cell growth in glioma cells. These results showed that USP28 is overexpressed in human glioblastomas and it contributes to glioma tumorigenicity. Therefore, USP28 could be a new target of therapy for human malignant glioma.
Introduction
Gliomas encompass all primary central nervous system tumors of glial cell origin. 1 Despite recent advances in both diagnostic modalities and therapeutic strategies, glioma remains one of the deadliest human cancers. The five-year survival rate in patients with glioma is among the lowest for all cancers. In patients with glioblastoma multiforme (GBM), the median survival duration ranges from 9 to 12 months. 2, 3 Advances in the treatment of malignant glioma will require an improvement in the understanding of the biological mechanisms of glioma development and progression.
Knowledge of the molecular pathways associated with glioma carcinogenesis and development of cancer is crucial for identification of new diagnostic and prognostic biomarkers. [4] [5] [6] Ubiquitin-specific protease 28 (USP28), an ubiquitin-specific protease, is an important regulator of oncogene and tumor suppressor. 7, 8 Researchers have reported that USP28 controls MYC stability through antagonistic effects on the activity of the SCF-Fbxw7 ubiquitin ligase complex. Moreover, stabilization of MYC by USP28 is required for proliferation of several tumor cell types and inhibition of cell differentiation in colon carcinoma. 9, 10 MYC is a central regulator of cell growth, proliferation, and apoptosis. Enhanced levels of MYC are thought to contribute to genesis of many human tumors, including glioma. [11] [12] [13] These results suggested that USP28 plays a role in the oncogenesis of some malignancies. However, whether USP28 expression contributes to glioma development and progression is unknown. In the present study the mechanism by which USP28 regulates the growth of glioma is determined. Aberrant USP28 expression was found to directly affect the tumorigenicity of human gliomas.
Materials and methods

Samples, cells, and antibodies
Human normal brain tissues and glioma tissue samples were obtained from patients who underwent surgery therapeutic procedures at Department of Neurosurgery, Weifang People's Hospital. The adult normal brain tissues as normal controls were obtained from surgical resections of three trauma patients. Clinicopathological features and treatment strategies of all the glioma patients are shown in supplemental Table 1 . All experiments were approved by the ethics committee of Weifang People's Hospital and informed consent was obtained from all patients prior to specimen collection. Human glioma cell lines, SW1783, U87 MG, U373, LN-229, SW1088, and Hs 683, were obtained from American Type Culture Collection (ATCC, Manassas, VA). The glioblastoma cell line HFU251 MG and immortalized normal human astrocyte line NHA-E6/E7/ hTERT, which were described previously, 14 were also used. These cells were maintained in Minimum Essential Medium (MEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Invitrogen). Mouse monoclonal USP28, MYC, and b-actin antibodies were purchased from Santa Cruz Biotech (Santa Cruz, CA).
Plasmid construction and transfection
For overexpression, the cDNA representing the complete open reading frame of USP28 was cloned into the pBabe vector to generate the USP28 expression plasmid. The expression plasmid was verified by sequencing both strands and was used to transfect the SW1783 cells to establish the USP28 overexpression cell line. For USP28 RNA interference, the control (pSuper) and pSuper-sh USP28 plasmids were purchased from OligoEngine Biotechnology (Seattle, USA) and was used to transfect the U373 cells to establish the USP28 knockdown cell line. The transfection efficiency of USP28 was confirmed by Western blotting and quantitative reverse transcription PCR (qRT-PCR) analyses.
MTT assay
A 3 -(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium (MTT) assay was used to assess cell proliferation. The cells were seeded and 20 mL of the MTT solution (5 mg/mL) was then added to each well at the indicated time. The absorbance at 490 nm was measured using a microplate reader (Bio-Rad, Hercules, CA).
Immunohistochemistry
Paraffin-embedded sections were deparaffinized, blocked, and incubated with antibody at 4 C overnight. Horseradish peroxidase-conjugated secondary antibody (1:500) was then added and further incubated for 1 h at room temperature. The sections were developed using a 3,3'-diaminobenzidine (DAB) tetrahydrochloride substrate kit at room temperature for 1-5 min and then counterstained with hematoxylin. The extent of immunostaining was quantified by counting the percentage of positive cells and classified into four groups: 0, less than 25% positive cells; 1, 25-50% positive cells; 2, 51-75% positive cells; and 3, more than 75% positive cells. 15 
Colony formation assay
The cells were seeded in 6-cm dishes at a density of 300 cells per dish. After incubation for 14 days, the colonies were fixed with methanol for 10 min and stained with crystal violet for 15 min, after which point the number of colonies containing more than 50 cells was scored. 5 Western blot assay Equal amounts of protein were separated using sodium dodecyl sulfate (SDS)-polyacrylamide gels and were electrotransferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA). The membranes were immunoblotted overnight at 4 C with primary antibodies, followed by their respective secondary antibodies. b-actin was used as the loading control.
Quantitative reverse-transcription PCR
RNA was extracted using TRIzol reagent, according to the manufacturer's recommended protocol (Invitrogen). qRT-PCR was performed using Applied Biosystems (Foster City, CA) StepOne and StepOne Plus Real-Time PCR Systems. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. The experiments were repeated a minimum of three times to confirm the results.
Immunofluorescence staining
The cells were grown on the sterile coverslips, and the cells were fixed with 4% paraformaldehyde and permeabilized using 0.1% Triton-X100. Cells were blocked with primary antibody followed by hodamine-conjugated anti-rabbit secondary antibody. Finally, the cells were further stained with 4,6-diami-dino-2-phenylindole (DAPI).
In vivo tumorigenesis assays
The in vivo tumorigenesis and metastasis assays were performed, as previously described. 16 Briefly, 1 x 10 6 cells were injected subcutaneously into the right flanks of severe combined immunodeficient (SCID) mice. Tumor length (L) and width (W) were measured every three days, and tumor volume was calculated using the equation: volume ¼ (W 2 Â L)/2. After five weeks, the mice were killed and the tumor volume and weight were measured. All of the animal experiments were performed with the approval of the Weifang People's Hospital Animal Care and Use Committee.
Statistical analysis
Experimental data are shown as mean AE standard deviation (SD). The results from different treatment groups were compared using a two-tailed Student's t-test. The Kaplan-Meier method was used to estimate the probability of patient survival, and differences in the survival of subgroups of patients were compared using Mantel's log-rank test. Differences were considered to be statistically significant at a value of P less than 0.05. Statistical analysis was done with SPSS/Win11.0 software (SPSS, Inc., Chicago, IL).
Results
Expression of USP28 directly correlates with glioma grade and decreased patient survival
To determine the relative expression of USP28 mRNA in human normal brain and glioma tissues, qRT-PCR analysis with specific primers was employed. As shown in Figure 1a and b, USP28 mRNA expression in normal brain tissue specimens is lower than that in glioma tissues. Predominant expression of USP28 mRNA was found in glioma specimens. Moreover, the levels of USP28 mRNA in GBM specimens were 1.7 times higher than that in the anaplastic astrocytoma specimens (P < 0.001) and 4.3 times higher than that in the low-grade astrocytoma specimens (P < 0.001). To establish whether USP28 protein is expressed in human GBM samples, Western blot for USP28 expression was performed on three normal human brains, six lowgrade astrocytoma, six anaplastic astrocytoma, and six GBM specimens (Figure 1c ). The protein levels of USP28 were upregulated in glioma samples compared with the normal brain samples. Densitometric evaluation of the relative expression showed that the expression level of USP28 was significantly higher in anaplastic astrocytoma than in low-grade astrocytoma. GBM expressed the highest USP28 ( Figure 1d ). LGA, low-grade astrocytoma; AA, anaplastic astrocytoma; GBM, glioblastoma multiforme USP28 expression was analyzed by immunohistochemistry. No stain was detected in the normal human brain samples, and USP28 protein was expressed in all human glioma samples. The protein was localized in the nuclei of the tumor cells ( Figure 2a ). The ratio of USP28-positive cells in high-grade glioma samples was higher than that in lowgrade glioma samples ( Figure 2b ). These results indicate that USP28 expression in the glioma cells was grade-dependent. A high level of USP28 expression was significantly more common in glioma tissues with high pathologic grade than that with low pathologic grade (P ¼ 0.003, supplemental Table 1 ). No significant association was found between USP28 expression and gender, diameter, tumor locus, and age at diagnosis. Kaplan-Meier survival analysis showed significant survival extension in USP28 low-expression gliomas compared with USP28 high-expression gliomas (Figure 2c ). The cut-off point was established using the X-tile software program (version 3.6.3; Yale University School of Medicine, CT). The results indicated that increased expression of USP28 was significantly associated with poor overall survival of GBM patients.
Transfection efficiency of USP28 in glioma cell lines
The expression levels of USP28 protein in the immortalized normal human astrocyte cell line NHA-E6/E7/hTERT and glioma cell lines SW1783, U87MG, U373, LN-229, SW1088, HFU-251MG, and Hs683 were investigated. Significantly higher expression of USP28 protein was evident in U87MG, U373, Hs683, and HFU-251MG glioblastoma cells than in SW1783, LN-229, and SW1088 cells. The immortalized normal human astrocytes had a negligible level of USP28 protein expression ( Figure 3a ). USP28 expression plasmid pBabe-USP28 was transfected into SW1783 cells. After selection with puromycin, USP28 expression was assayed by Western blot (Figure 3b ), qRT-PCR (Figure 3c ), and immunofluorescence microscopy (Figure 3d ). U373 is a highly tumorigenic human glioma cell line commonly used in glioma research. This cell line was infected with pSuper-shUSP28 and pSuper (as control) to investigate the effect of USP28 knockdown on proliferation and colony formation of glioma cells. Western blot (Figure 3e ), qRT-PCR (Figure 3f ), and immunofluorescence microscopy (Figure 3g ) demonstrated that the protein expression level of USP28 was significantly suppressed in cells infected with pSuper-shUSP28.
USP28 promotes glioma cell proliferation
The effect of USP28 overexpression was determined to characterize the functions of USP28 in glioma cells. Results of MTT assay showed that SW1783-pBabe-USP28 cells displayed higher proliferation rates than control cells (i.e. parent SW1783 cells and SW1783-pBabe cells) (Figure 4a ). The ability of USP28-expressing SW1783 cells to form spheres was analyzed to determine the function of USP28 in cellular transformation. Results of the colony formation assay revealed that USP28 overexpression significantly (Figure 4b) . The results of the MTT assay also showed that USP28 suppression was associated with decreased cell proliferation (Figure 4c ), and the results of the colony formation assay revealed that USP28 suppression significantly decreased the number of formed colonies (Figure 4d ). These results further confirm that USP28 was involved in the proliferation of glioma cells.
USP28 promotes tumorigenesis in vivo
To determine the effects of USP28 on tumorigenesis in vivo, different cell lines were injected subcutaneously into the flanks of nude mice. The diameters of the tumors were measured every seven days. The mice that had been injected with USP28-overexpressing SW1783 cells formed tumors on the second week, whereas the mice that had been injected with control cells did not form tumors until the third week (Figure 5a and b) . Similar results were observed in U373 cells. The control cells formed tumors earlier, and tumor volumes were much larger in those that were formed from control cells than in those that were formed from USP28 knockdown cells (Figure 5d and e ). As shown in Figure 5c , the tumor volume of tumors formed from SW1783 cells was much lower than that formed from USP28-overexpressing cells. Similar with these, the control group was dramatically larger than the shUSP28 group in U373 cells (Figure 5f ). These results suggested that USP28 promotes formation and growth of glioma cell xenograft in vivo.
Activation of MYC contributes to USP28-induced oncogenic activities
Previous studies showed that MYC is induced in USP28-expressing breast cancer cells. 9 Thus, the present study investigated whether MYC is induced by USP28 in glioma cells. USP28 overexpression in SW1783 cells significantly increased MYC protein levels (Figure 6a and b) but not mRNA expression ( Figure 6c ). By contrast, USP28 knockdown in U373 cells significantly decreased the expression levels of MYC protein (Figure 7a and b) but did not alter the mRNA (Figure 7c ). The MYC expression was examined by immunohistochemistry staining in xenograft tumor tissues. As shown in Figure 6d , the overexpression of USP28 in SW1783 cells significantly upregulated MYC staining. In addition, knockdown of USP28 in U373 cells dramatically downregulated the staining of MYC (Figure 7d) . These results suggested that USP28 promotes formation and growth of glioma cell xenograft in vivo partly by MYC upregulation.
To test whether MYC is involved in UPS28-induced proliferation, we measured the role of MYC in USP28-induced proliferation by knocking down MYC expression with the use of siRNA in SW1738 cells. The MYC knockdown (Figure 8a ). As shown in Figure 8b , the proliferation induced by USP28 was obviously reversed following MYC knockdown using siRNA. These results confirmed that MYC is involved in USP28-mediated proliferation ability in glioma cells.
Discussion
Glioma cells are a mixture of heterogeneous cell populations and numerous factors are likely to be involved in dictating their recurrence, progression, and patient survival. 17 However, the molecular mechanisms of the initiation and progression of glioma are unclear. This study characterized the functions of USP28 in glioma.
Previous results showed that USP28 is expressed differentially in normal and cancer tissues. 12, 18 USP28 overexpression has been associated with progression of bladder and breast cancer. 13, 19 However, the effect of altered USP28 expression on the progression of glioma cells remains unclear. This study examined the expression of USP28 in glioma cells and investigated the relationship between USP28 expression and the clinicopathological characteristics of patients with glioma. This study found a significant difference in USP28 expression at both protein and mRNA levels between glioma and normal tissue. Furthermore, USP28 mRNA is upregulated remarkably in cancerous tissues compared with the USP28 protein in non-cancerous tissues. This observation suggests that dysregulation at the transcriptional level could be the primary source of USP28 expression in glioma cells. Immunohistochemistry demonstrated that glioma cells showed weak to strong nuclear staining. These results were similar to those of previous studies on other human cancers. Furthermore, intense expression of USP28 in glioma cells correlated with its clinicopathologic features, including tumor recurrence rate, histopathological classification, and clinical stage. Thus, overexpression of USP28 protein is correlated with poor prognosis for patients with glioma. Diseasefree survival rate was significantly different between the two groups, and the results showed that higher expression of USP28 protein entails lower the disease-free survival rate.
USP28 overexpression was also found to increase glioma cell proliferation and promote tumorigenesis in vitro and in vivo, whereas USP28 knockdown by shRNA inhibited tumorigenesis. These data are consistent with a recent study that investigated the function of USP28 in bladder and breast carcinogenesis. All of these findings are supported by a recent study, which reported that overexpression of USP28 protein in breast cancer alters tumor cell fate and promotes tumor progression and metastasis.
The initiation and progression of glioma involve a series of genetic events including activation of oncogenes and inactivation of tumor suppressors. 20, 21 Genetic studies have shown that c-MYC proto-oncogene encodes a transcription factor, MYC, which is a central regulator of cell growth, proliferation, and apoptosis. 13, 12 Enhanced levels of MYC are thought to contribute to the formation of many human tumors. Correspondingly, expression of MYC is regulated at multiple levels. The action of FBW7 is antagonized by USP28, which forms a complex with MYC and FBW7. USP28 overexpression could deubiquitinate FBW7 through deubiquitination of their substrates such as MYC, because USP28 is a member of the ubiquitin-specific protease family. 9, 22 In this study, USP28 overexpression significantly increased MYC expression, whereas USP28 knockdown produced an opposite effect in glioma cells. The inhibition of MYC by siRNA reversed the induction of USP28 on glioma cell proliferation. Thus, aberrant USP28 in gliomas may enhance the oncogenic effects of activated MYC. However, the mechanisms involved in the expression profile of the gene need further investigation. Additional studies are required to explore the relationships of the USP28 gene with other genes, such as p53 and HIF-1, and its relationship to other molecules that may be associated with glioma.
Conclusions
In conclusion, this study demonstrated for the first time that USP28 was overexpressed in glioma tissues. USP28 overexpression increased the growth of glioma cells in vitro and promoted glioma tumorigenesis in vivo. Therefore, USP28 is potentially an important molecular target for the design of novel antiglioma therapy.
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